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(54) Wireless communication system using distributed switched antennas 



(57) Increased coverage and macro diversity from a 
single base station (110) in a wireless communication 
system by having the base station coupled to N antennas 
(118A-118D) is described. Increased coverage and 
macro diversity are achieved by transmitting from the 
base station (110) N control messages each via one of 
the antennas (1 18A-1 18D), and transmitting a data mes- 
sage addressed to a mobile unit (144) via a particular 
one of the antennas previously assigned to the mobile 
unit for an active call. The mobile unit receives the control 
messages and the data message and analyzes the con- 
trol messages to identify from the antennas a "best" 

FIG. 
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antenna. The mobile unit (1 44) then transmits to the base 
station (110) a new antenna request identifying the best 
antenna in an uplink control slot of a frame. The uplink 
control field is associated with the particular one of the 
antennas. The base station uses the best antenna to 
transmit subsequent data messages addressed to the 
mobile unit. A random access technique, to allow mobile 
units that are going from an inactive status to an active 
status, is provided by connecting all base station anten- 
nas together during non-call-affiliated slots in the uplink 
portion of the frame. 
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Description 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 5 

The present invention relates generally to wireless 
communication systems, and more particularly to using 
switched, distributed antennas in a wireless communica- 
tion system. 10 

RELATED ART 

Typically, a wireless communication system (such as 
a cellular telephone system) covers a relatively large 75 
geographical area. The mobile units (also called, simply, 
mobiles) in this typical wireless communication system 
are usually positioned outside of buildings and commu- 
nicate with base stsations located on towers that are dis- 
tributed throughout the coverage region. Accordingly, 20 
this typical system is called herein an "outdoor" wireless 
communication system. 

It is desirable to establish a wireless communication 
system within a building (i.e., an "indoor" wireless com- 
munication system). This indoor wireless system would 2s 
preferably support mobiles located throughout the inte- 
rior of the building that communicate with base stations 
located within the building. 

Indoor wireless systems, however, face many tech- 
nical challenges. For example, mobiles can be distrib- 30 
uted throughout an area that is much larger than the 
coverage achievable with a base station having a single 
antenna that is radiating an officially sanctioned, trans- 
mitted power level. The use of multiple, complex base 
stations to improve coverage is expensive. 35 

In addition, an indoor RF (radio frequency) propaga- 
tion path is characterized by muitipath lading effects that 
result in the production of multiple copies of the desired 
signal being created by reflections and scattering off of 
objects located in the propagation path. These muitipath 40. 
signals vary in amplitude and phase with respect to each 
other, such that at the receiver, the vector sum of all of 
these signals cause the envelope of the resultant RF car- 
rier to undergo rapid fluctuations in amplitude and phase 
as a function of position, time and frequency. 45 

Also, pulsed or digital signals (which are typically 
used in wireless communication systems), which are 
composed of many frequency components having pre- 
cise phase and amplitude relationships to one another, 
are very prone to distortion due to time and frequency so 
dispersion (i.e.. the propagation time and path attenua- 
tion vary with frequency). In addition, path attenuation 
varies over a wide range of power laws in both distance 
and direction because of the complex nature of such 
scattering and absorption. The arrival of a pulse of ss 
energy will be spread in time due to the reception of mul- 
tiple "copies" of the pulse that have been reflected off 
both stationary and mobile scatterers. The individual 
replicas of the pulse arrive at the receiver at different 



times because of the different path lengths. This time 
delay spread of digital signals causes intersymbol inter- 
ference (ISI), limiting the signaling rate for a desired level 
of error rate performance. 

Thus, what is required is an indoor wireless commu- 
nication system which efficiently and effectively 
addresses the above technical challenges. 

SUMMARY OF THE INVENTION 

The present invention is directed to a system and 
method of achieving extended coverage in a wireless 
communication system by having a base station coupled 
to N antennas rather than by having multiple, expensive 
base stations. As a result, macro diversity can be imple- 
mented in a straightfoward manner, i.e., signal blocking 
can be minimized during communications by selecting 
an antenna that has better propagation characteristics 
to the mobile than the one in current use. 

A mobile is typically assigned a frequency channel 
and a slot within a frame for the duration of an active call. 
When the call is finished, the channel and slot assign- 
ments are removed from that mobile and returned to the 
system for use in other active calls or system functions. 

The mobile may be anywhere within the desired cov- 
erage area of the system, but outside the area of cover- 
age achievable by a single base station/antenna. Instead 
of adding additional base station/antenna nodes, as is 
done in typical systems, the present invention adds addi- 
tional antennas to a single base station such that for any 
active, communication channel/slot, the mobile involved 
in the active call is reachable via the most optimally 
placed antenna. As the mobile moves through the sys- 
tem area, it listens to the transmissions of all available 
antennas (radiators) and continuously informs the base 
station of its "best" choice of available radiators. The 
base station will then followlhe mobile by communicating 
over the "best" (by the mobiles/Es reckoning) possible 
link. Thus, increased coverage over a single base sta- 
tion/antenna combination is achieved while also achiev- 
ing effective macro diversity, i.e., always choosing and 
using the best link for communication by selecting the 
best antenna at a mobile/Es current position. 

According to a first embodiment, the present inven- 
tion operates by transmitting from the base station, n 
control messages via each of the antennas, and trans- 
mitting a data message addressed to a mobile unit via a 
particular one of the antennas previously assigned to the 
mobile unit for that particular call. The mobile unit 
receives the control messages and the data message 
and analyzes the control messages to identify a best 
antenna. The mobile unit then transmits to the base sta- 
tion a new antenna request identifying the best antenna 
in an uplink control slot of a frame. The uplink control slot 
is associated with the particular one of the antennas. The 
base station changes to that antenna and continues to 
use it as the current "best" antenna, as determined from 
the mobile's point of view, to transmit subsequent data 
messages addressed to the mobile unit. 
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According to a second embodiment of the present 
invention, the base station transmits n antenna control 
messages in n antenna control message bit fields of a 
downlink controiydata slot of a frame. The downlink con- 
trol/data slot is associated with a mobile unit during an 5 
active call. Each of the antenna control messages is 
transmitted via one of the antennas. The base station 
also transmits other system control information and a 
data message addressed to the mobile unit in other bit 
fields of the downlink control/data slot, wherein the sys- 10 
tern control/data message is transmitted via a particular 
one of the antennas previously assigned to the mobile 
unit for that particular call. The mobile unit receives the 
antenna control messages, system control messages 
and the data message, and analyzes the antenna control 15 
portions of the control message to identify from the 
antennas a "best" antenna. The mobile unit transmits to 
the base station a new antenna request identifying the 
best antenna in a control bit field of an uplink control/data 
slot of the frame. The uplink control/data slot is associ- 20 
ated with the mobile unit during an active call. Each of 
the n antenna control bit fields of the uplink control/data 
slot are always associated with a particular one of the n 
antennas. The base station, in response to the new 
antenna request, uses the "best" antenna to transmit one 2s 
or more subsequent control/data messages addressed 
to the mobile unit. 

The present invention achieves superior voice qual- 
ity by providing sufficient processing alternatives (e.g., 
using both micro and macro diversity) to overcome mul- 30 
tipath distortion. The present invention is cost effective 
(that is, it may be implemented for a reasonable cost), 
since its costliest components and circuits are associ- 
ated with the radio portion of the system, e.g., synthe- 
sizers, filters, and modular-demodulators, and these are 35 
minimized while achieving extended coverage. 

The present invention minimizes bandwidth per 
channel to ensure efficient spectrum utilization and to 
minimize overall frequency spectrum occupancy. The 
number of channels are estimated based upon the den- 40 
sity of individual systems anticipated in a given area. 

In the present invention, the RF power level is adjust- 
able so as to insure good performance and to minimize 
co-channel and adjacent channel interference. The 
present invention facilitates the solution of coverage 45 
issues by the addition of multiple antennas per base sta- 
tion (rather than by increasing power). Multiple antennas 
are also used to overcome fading problems. 

In the present invention, channel/frequency selec- 
tion is achieved by examining the available spectrum and so 
identifying the next available "quiet" channel. 

In one embodiment of the present invention, at most 
one active mobile unit is assigned to each downlink slot 
and to each uplink slot. In an alternative embodiment, a 
plurality of active mobile units may be assigned to each 55 
downlink slot and to each uplink slot on multiple frequen- 
cies. In this alternate embodiment a unique frequency is 
assigned to each active mobile unit assigned to the same 
downlink slot and to the same uplink slot. 



Further features and advantages of the present 
invention, as well as the structure and operation of vari- 
ous embodiments of the present invention, are described 
in detail below with reference to the accompanying draw- 
ings. In the drawings, like reference numbers indicate 
identical or functionally similar elements. 

BRIEF DESCRIPTION OF THE FIGURES 

The present invention will be described with refer- 
ence to the accompanying drawings, wherein: 

Figure 1 is a block diagram of a wireless communi- 
cation system according to a preferred embodiment 
of the present invention; 

Figure 2A is a frame format according to a first 
embodiment of the present invention; 
Figures 2B and 2C are flowcharts depicting the 
operation of the present invention according to the 
first embodiment of the present invention; 
Figures 3A and 4 are frame formats according to a 
second embodiment of the present invention; 
Figures 3B and 3C are flowcharts depicting the 
operation of the present invention according to the 
second embodiment of the present invention; and 
Figure 5 is a third embodiment of the present inven- 
tion showing an extension of the principles disclosed 
in the first two embodiments to a multi cell wireless 
communication system. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

1 . Overview of the Present Invention 

The present invention is directed to a system and 
method for achieving increased coverage by using 
switched antennas, while minimizing the use of complex, 
expensive base stations, in a wireless communication 
system. As a result, macro diversity can also be imple- 
mented in a straightforward manner. The present inven- 
tion is also directed to wireless communication systems 
which employ this RF distribution system and method. 

The wireless communication system of the present 
invention is well adapted for use as an "indoor" wireless 
system wherein its coverage is generally limited to the 
building(s) and/or other structure(s) in which it is 
installed. However, the wireless communication system 
of the present invention can work equally well as an "out- 
door" or any other type of wireless system. 

The present invention supports mobile terminals 
(such as mobile telephones; the terms "mobile termi- 
nals", "mobile units", and "mobiles" are used inter- 
changeably herein) which communicate with one or 
more base stations using radio signals. These base sta- 
tions are each preferably connected to a plurality of 
antennas, since a single antenna connected to each 
base station may be insufficient to provide coverage to 
all locations within a building, particularly a multi-story 
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building. The base stations are preferably hard wired, via 
twisted pair cable, back to a private branch exchange 
(PBX) or key system, which provides connectivity to the 
telephone network. 

The present invention is described herein with refer- 
ence to a TDMA/TDD (time division multiple access/time 
division duplexing) access technique. However, as will 
be apparent to persons skilled in the relevant art, the 
present invention is adaptable for use with other types of 
access techniques, such as frequency division multiple 
access (FDMA), code division multiple access (CDMA), 
and frequency division duplexing (FDD). 

The present invention includes a number of features 
for overcoming the propagation effects discussed above. 
Such features enable the present invention to solve 
these propagation problems while meeting desired voice 
quality and traffic requirements. 

In particular, the present invention employs antenna 
diversity to overcome many of the propagation effects 
discussed above. According to the present invention, a 
plurality of antennas (connected to the base stations) are 
dispersed throughout the building to achieve area cov- 
erage. This dispersal of antennas also overcomes at 
least one multipath environmental effect: blocking (also 
called shadowing), through the use of a technique called 
macro diversity. 

The present invention also includes other features 
for overcoming the propagation effects discussed above. 
Specifically, in the present invention, the antennas con- 
nected to the base stations have directional properties 
to aid in the reduction of multipath distortion. Also, each 
mobile unit includes dual antennas (or an antenna with 
dual, selectable or combinable polarizations) to protect 
against fading effects that occur over fractions of a wave- 
length (this is called "micro diversity"). 

Micro-diversity selection in TDD systems can be as 
fast as a decision within a given frame, while macro- 
diversity selection may require at least a one frame delay. 
Fortunately, in indoor systems, the frequency-selective, 
multipath fading on the channel is relatively slow, relative 
to most nominal frame lengths. 

2. Structure of the Present Invention 

Figure 1 is a block diagram of a wireless communi- 
cation system 102 according to a preferred embodiment 
of the present invention. The wireless communication 
system 1 02 covers a geographical area that includes one 
or more cells 1 1 4, each containing one or more sub-cells 
116, respectively (the sizes and shapes of the cell 114, 
and sub-cells 116, are exaggerated in Figure 1 for read- 
ability purposes; in practice, each cell 114, generally 
conforms to the sizes and shapes of the sub-cells 1 16, 
respectively, contained therein). A cell is an area of radio 
coverage for a base station over which a predefined sys- 
tem performance level has been established. A sub-cell 
is an area of coverage for a single antenna radiator over 
which predefined system performance is achieved. The 
wireless communication system 102 provides wireless 



communication services to mobile units, such as mobile 
unit 144, which may be located in, or proximate to, one 
or more of the cells 1 14. 

Preferably, each mobile unit 144 represents a 

5 receiver/transmitter unit having two antennas (not 
shown). Dual antennas in each mobile unit 144 provides 
protection against fading effects that occur over fractions 
of a wavelength. This is called micro diversity. Each 
mobile unit 144 determines when to switch among its 

10 local antennas based upon previous, short term informa- 
tion about the channel quality. This receiver/transmitter 
unit may also contain adaptive equalization circuitry in 
order to further help overcome multipath distortion. For 
example, a weighted sum of the dual antenna outputs 

75 can be formed, periodically and made available to the 
receiver/transmitter. Additional features of the mobile 
units 144 are discussed below. 

The wireless communication system 102 may be 
established within a structure, such as a building, or may 

20 be established in a combination of structures. For exam- 
ple, each cell 1 1 4, may correspond to a floor of a building . 
Alternatively, multiple cells, such as cells 1 14, 1 26 of Fig- 
ure 5 may correspond to different areas of the same floor. 
It should be understood, however, that the wireless com- 

25 munication system 1 02 of the present invention is equally 
adapted for use outside of any structure, or for use both 
inside and outside of one or more structures. 

The wireless communication system 102 includes 
one or more wireless fixed base (WFB) stations 110, 

30 which are also simply called "base stations" herein. Each 
base station 110, is connected to an RF switch 112, 
respectively. Each switch 112, represents any well 
known RF (radio frequency) multi-position switch, having 
RF isolation among its positions of 20 dB or better. Addi- 

35 tionally, the switch should have a switching speed com- 
mensurate with the intra-slot or irttra-frame rates in a 
TDMA/TDD system. 

Each switch 112, is connected to one or more cell 
antenna units (CAU) 118, respectively. The number of 

40 cell antenna units 118, respectively connected to each 
switch 112, may vary from switch to switch, or may be 
the same for all switches 112, 124, as in Figure 5. In the 
embodiment shown in Figure 1 , the switch 1 12, is con- 
nected to four cell antenna units 118. Four CAU/Es per 

45 base station are considered to be optimum from system 
performance and cost considerations. 

The cell antenna units 118, serve the dual purpose 
of extended site coverage from a single base and spatial 
diversity for avoiding and/or overcoming multipath fad- 

so ing. This type of diversity is called macro diversity, to 
reflect the large relative spacing (compared to a wave- 
length) between or among the antenna units 118. 

With regard to site coverage, the cell antenna units 
1 18, are placed throughout the region of interest in order 

55 to insure complete radio coverage and to overcome mul- 
tipath fading at certain remote terminal locations. Spe- 
cifically, one antenna unit 1 18, is placed in each sub-cell 
1 16, of the cell 1 14. By having a plurality of cell antenna 
units 1 18, it is possible to have less base stations 110, 
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(otherwise, one base station and its associated interface 
and controller (e.g. 108 and 140) would be required for 
each sub-cell 116), thereby greatly simplifying system 
installation and use and minimizing system cost. 

The cell antenna units 118, are connected to their 
respective base station 1 10, via preferably coaxial cables 
that are each less than or equal to approximately 200 
feet in length. Each antenna unit 1 18, preferably includes 
an antenna and a duplexer. The duplexer, for TDD oper- 
ation, used to overcome cable losses, preferably 
includes a pair of RF (radio frequency) switches, a power 
amplifier for transmission to the various mobiles 144, and 
a low noise amplifier for reception from the various 
mobiles 1 44. DC power for the amplifiers and the control 
signals for selecting transmit or receive are provided over 
the coaxial cable. 

Maximum transmitter power from the antennas 1 1 8, 
is preferably limited to 1 00 mW, peak power. Transmitter 
power is controlled to minimize adjacent channel inter- 
ference and to adapt to system coverage needs. 

The switch 112, selectively connects its respective 
base station 1 10, to its respective antenna units 1 18. At 
any moment of time, each base station 1 1 0, is connected 
to one antenna unit 1 1 8, via the switch 1 1 2. For example, 
at any moment of time, base station 1 1 0 is connected to 
one antenna unit 1 1 8A via switch 1 1 2. 

Each base station 110, is a time division multiple 
access (TDMA) and/or time division duplex (TDD) radio 
system. A TDMA/TDD system makes use of successive 
time slots to alternately transmit or receive information. 
Generally, these transmit and receive time slots are 
grouped together to define a frame. Each base station 
1 10, includes a transceiver (transmitter/receiver combi- 
nation) that is connected to its respective switch 112. 
Each base station 110, employs well known wireless 
communication techniques to exchange information with 
mobile units 144 via the antenna units 118. The trans- 
mitter and receiver of the base station are alternately 
connected to the switch and the selected cell antennas 
synchronously with the downlink and uplink portions of 
the frame. Downlink is a transmission from the base to 
a mobile. Uplink is a transmission from the mobile to the 
base. Digital modulation techniques such as M-ary FSK 
or M-ary PSK are preferred. All deployed base stations 
are synchronized with respect to their transmit and 
receive cycles for lowest intra-system interference. 

3. General Operation of the Present Invention 

According to the present invention, a mobile unit 1 44 
communicates with a base station (such as base station 
110, for example) via one of the antennas (such as 
antenna 1 1 8A, for example) connected to the base sta- 
tion 110. Prior to communicating with the mobile unit 1 44 
using this antenna 1 18A, the base station 110 sends an 
appropriate command to its switch 1 12 to command the 
switch 1 1 2 to connect it (i .e. , the base station 1 1 0) to the 
antenna 118A. The mobile unit 144 listens to transmis- 
sions from all of the antennas 1 18A-1 18D. If the mobile 



unit 1 44 determines that one of the antennas 1 1 8B-1 1 8D 
(that it is not currently using) is "better" than the antenna 
1 18A that it is currently using (for illustrative purposes, 
assume that antenna 1 1 8C is the "better" antenna), then 

5 the mobile unit 144 sends a message identifying this 
"better" antenna 1 1 8C to the base station 1 1 0. The base 
station 1 10 then communicates with the mobile unit 144 
using this "better" antenna 1 18C. 

This operation of the present invention is preferably 

10 implemented bya base station controller 140, that is con- 
tained in each of the base station 110, in combination 
with a mobile unit controller 1 46 that is contained in each 
mobile unit 144. These controllers 140, 146, as well as 
the operation of the present invention pertaining to 

75 macro diversity, is described in greater detail below. 

As discussed above, each mobile unit 114 listens to 
transmissions from the antennas 118, and determines 
which is "best". The manner in which this determination 
is made shall now be discussed. 

20 The determination of "best" antenna is based on a 
number of factors which are implementation dependent. 
For example, the "best" antenna determination can be 
based on a received signal strength indication(RSSI). 
Alternatively, the "best" antenna determination can be 

25 based on bit error rate (BER) (e.g., by determining the 
instantaneous error rate from the eye pattern fill-in, 
referred to as a pseudo-error count.) Or, the "best" 
antenna determination can be based on any combina- 
tion of the above. A decision based upon both factors 

30 reduces the chances for making a bad antenna selec- 
tion. Techniques for determining RSSI and BER are well 
known to persons skilled in the relevant art. 

The determination of "best" antenna may be per- 
formed entirely at the mobile units 144, or alternatively 

35 performed by both the base station 110, and the mobile 
units 144. As discussed above, the mobile units 144 
communicate their respective selections of "best" 
antenna to the base station 110. 

The base station 110, is connected to a private 

40 branch exchange (PBX) 104 via interface module 108. 
The interface module 108, converts the radio signals 
from the base station 110, into a standard telecommuni- 
cation interface, such as tip-ring, or any proprietary inter- 
face as warranted. The structure and operation of the 

45 interface module 1 08, will be apparent to persons skilled 
in the relevant art. The interface module 108, may be 
integrated with the PBX/Es or the base station 1 10, or 
may be distinct from both. 

The interface module 108, base station 1 10, switch 

so 112, and antennas 118 represent a radio sub-system 
1 01 . Similarly, if Figure 5, the interface module 1 20, base 
station 122, switch 124, and antennas 130 represent 
another radio sub-system 103. 

The operation of the base station 1 1 0 and the mobile 

55 units 1 44 as discussed herein is preferably implemented 
using a base station controller 140, contained in each 
base station 110, and a mobile unit controller 146 con- 
tained in each mobile unit 144. These controllers 140, 
144 may represent hardware implemented state 
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machines, or may alternatively represent processors 
operating in accordance with software, or may represent 
any combination of the above. 

The PBX 104 connects the radio sub-system 101, 
to a telephone network 106 (which may include local s 
and/or long distance networks). In this manner, mobile 
units 144 can communicate with fixed and/or mobile 
units located outside of the cells 1 14, via the telephone 
network 1 06. The structure and operation of the PBX 1 04 
and the telephone network 106 will be apparent to per- 10 
sons skilled in the relevant art. 

4. The First Embodiment of the Present Invention 

4.1 . Description off the First Embodiment is 

The first embodiment of the present invention 
employs the configuration shown in Figure 1 and 
described above. It also implements both micro and 
macro diversity to overcome multipath fading effects. In 20 
the first embodiment of the present invention, separate 
slots in the frame are provided for control and data infor- 
mation. Each control slot is dedicated to a specific 
antenna. The first embodiment of the present invention 
is best applied to single base station applications. 25 

4.2. Structure of the Frame (Figure 2A) 

According to a first embodiment of the present 
invention, data and control signals are transferred 30 
between the base station 110, and the mobile units 144 
using TDMA (time division multiple access) frames such 
as that shown in Figure 2A. The first embodiment is 
adapted for use on a per cell basis. 

For simplicity purposes, the operation of the present 35 
invention in accordance with this first embodiment of the 
present invention shall be described with reference to the 
radio sub-system 101. However, the procedures to be 
described are useful as a generalized description of how 
control and data information are conveyed between a 40 
base station and a mobile in any embodiment. The frame 
202 has a downlink portion 204 and an uplink portion 
206. The downlink portion 204 includes data and control 
signals which are transmitted from the base station 1 1 0 
to the mobile units 1 44. The uplink portion 206 includes 45 
data and control signals which are transmitted from the 
mobile units 144 to the base station 110. 

The downlink portion 204 includes k downlink con- 
trol slots 208 and n downlink data slots 210. The uplink 
portion 206 includes k uplink control slots 212 and n so 
uplink data slots 214. k is equal to the number of anten- 
nas 1 18 connected to the switch 1 12. Thus, in the exam- 
ple embodiment of Figure 1 , k is equal to four, n is equal 
to five in the example frame 202 shown in Figure 2 A, 
although the value of n is implementation dependent. 55 

Note that a control signal refers to a signal that 
affects system control, while a data signal refers to a sig- 
nal containing user data. It should be understood that the 
data slots 210, 214 can carry any type of information, 



such as voice information, video information, facsimile 
information, etc. The phrases "data message" and "data" 
and similar phrases are intended herein to refer to all 
types of user information, such as those just listed. 

Each downlink control slot 208 is associated with 
one of the antennas 118 connected to the switch 112. 
Similarly, each uplink control slot 212 is associated with 
one of the antennas 118 connected to the switch 112. 
The downlink control slot 208 and the uplink control slot 
212 associated with a particular antenna occupy the 
same relative position in the frame 202. For example, if 
downlink control slot 208C is associated with antenna 
118B, then uplink control slot 212C is also associated 
with antenna 11 8B. 

In general, no data slots are associated with or pre- 
assigned to mobiles. These slots are assigned only when 
calls are set up, and then de-assigned when calls are 
torn down. 

4.3. Operation of Antenna Selection Control of the First 
Embodiment 

An active mobile unit is defined herein as being a 
mobile unit 144 that is currently participating in an estab- 
lished telephone call with the base station 1 1 0. Consider 
any downlink data slot 210 that can be associated with 
an active mobile unit. Any uplink data slot 21 4 can also 
be associated with any active mobile unit. The downlink 
data slot 2 1 0 and the uplink data slot 21 4 associated with 
a particular active mobile unit occupy the same relative 
position in their respective half frame 204, 206. For 
example, if downlink data slot 21 0B is associated with 
an active mobile unit, then uplink data slot 21 4B is also 
associated with the active mobile unit. 

The maximum number of simultaneous telephone 
calls is a function of the number of downlink data slots 
210 (or, equivalent!^ is a function of the number of uplink 
data slots 214). In other words, the maximum number of 
simultaneous telephone calls is equal to n. 

As just discussed, a downlink data slot 210 and an 
uplink data slot 214 are associated with each active 
mobile unit. Also, any antenna 1 18A-1 18D can be asso- 
ciated with (or assigned to) any active mobile unit. These 
associations may change from one frame to the next 
frame. However, during any particular frame, an active 
mobile unit exchanges data with the base station 1 10 via 
its assigned antenna and in its assigned downlink and 
uplink data slots (and, also, at an assigned frequency). 

The operation of the wireless communication sys- 
tem 1 02 according to the first embodiment of the present 
invention shall now be described with reference to a flow- 
chart 221 in Figure 2B. Flowchart 221 depicts the oper- 
ational steps that are performed to exchange data and 
control signals between the base station 110 and an 
active mobile unit, such as mobile unit 144, during a tel- 
ephone call that has been previously established (the 
procedure for establishing telephone calls is discussed 
below with reference to Figure 2C). The operational 
steps depicted in Flowchart 221 represent the operation 
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of the base station 110 and the active mobile unit 144 
during the exchange of a single frame 202, called the 
"current" frame 202. The steps of Flowchart 221 are per- 
formed for each frame. Flowchart 221 begins with step 
220, where control immediately passes to step 222. 5 

in step 222, the base station 1 10 enables the trans- 
mission of control messages via the antennas USA- 
USD in the downlink control slots 208 of the current 
frame 202. Specifically, the base station 110 commands 
the switch 112 to connect the base station 110 to the 10 
antenna 11 8A. Then, the base station 110, transmits a 
control message via antenna 118A in downlink control 
slot 208A (it is assumed that downlink control slot 208A 
is always associated with antenna 118A for illustrative 
purposes). Then, the base station 110 commands the is 
switch 112 to connect the base station 110 to the 
antenna 11 8B. 

Then, the base station 1 10 transmits a control mes- 
sage via antenna 1 18B in downlink control slot 208B (it 
is assumed that downlink control slot 208B is always 20 
associated with antenna 1 18B for illustrative purposes). 
Similarly, the base station 1 1 0 transmits the same control 
messages via antennas 1 1 8C and 1 1 8D in downlink con- 
trol slots 208C and 208D, respectively (it is assumed that 
downlink control slots 20SC and 208D are respectively, 25 
always associated with antennas 118C and 118D for 
illustrative purposes). In this way, the base station, 110, 
broadcasts the same message through each of its asso- 
ciated antennas, 118. 

Generally, a control message is broadcasted in the 30 
downlink control slots which contain coded data that 
identifies the respective antennas. For example, the con- 
trol message transmitted in downlink control slot 208D 
contains coded data that identifies antenna 1 18D. The 
control messages may also be longer messages con- 35 
taining, in addition, coded data pertaining to frequency 
and slot selection, and telephonic terminal state control 
information, for example. As described below, mobile 
units 144 use this information as a handshaking mech- 
anism to establish calls and to adjust to changing com- 40 
munication conditions during the life of previously 
established active calls. For example, slot selection infor- 
mation may be transmitted in response to a new antenna 
request from an active mobile unit (see step 230, 
described below). 45 

In step 224, the base station 1 10 enables the trans- 
mission of data messages via the appropriate antennas 
1 1 8A-1 1 8D in the appropriate downlink data slots 2 1 0 of 
the current frame 202 (such data messages are received 
from the telephone network 1 06 via the PBX 1 04 and the so 
interface module 108). For example, assume that the 
base station 110 has a data message that is addressed 
to the mobile unit 1 44. Also assume that, for the current 
frame 202, this mobile unit 144 is assigned to antenna 
1 18C and downlink data slot 21 OA. Thus, in step 224, ss 
the base station 1 10 commands the switch 1 12 to con- 
nect the base station 110 to antenna 11 8C. Then, the 
base station 110 transmits the data message via 
antenna 1 1 8C in downlink data slot 21 OA. The base sta- 



tion 110 operates in a similar manner to transmit other 
appropriate data messages in the appropriate downlink 
data slots 210 via the appropriate antennas 1 18A-1 18D 
for other active mobiles. 

Note that steps 222 and 224 (just described) were 
performed by the base station 1 1 0. Steps 226, 228, 230, 
and 232 are performed by each active mobile unit. For 
illustrative purposes, these steps are described with 
respect to mobile unit 144. 

In step 226, the mobile unit 144 listens to all of the 
downlink control slots 208 in the current frame 202 (that 
is, the mobile unit 144 attempts to receive the control 
messages contained in all of the control slots 208). The 
mobile unit 144 determines from these control slots 
which of the antennas 1 1 8A-1 1 8D is the "best" antenna. 
Generally, the "best" antenna represents the antenna 
1 18A-1 18D with which the mobile unit 144 can commu- 
nicate with the base station 1 1 0 with the highest possible 
transmission quality. Procedures for determining the 
"best" antenna are discussed above. 

Also during step 226, the mobile unit 114 extracts 
frequency and/or slot selection information, if any, from 
the downlink control slot 208 associated with its currently 
assigned antenna 118. For example, if the mobile unit 
1 14 is assigned to antenna 1 18A during this portion of 
the call, then the mobile unit 114 extracts frequency 
and/or slot selection information, if any, from the down- 
link control slot 208A. This frequency and/or slot selec- 
tion information was inserted into the downlink control 
slot 208A by the base station 110 during step 222 
(described above). This frequency and/or slot selection 
information must be acknowledged and agreed to by the 
mobile before any changes are made. The changes will 
take one (or more) frames to complete. 

It is noted that the mobile unit 144 previously syn- 
chronized to, and maintains synchronization with, the 
timing of the frames transmitted from the base station 
1 10 in any well known manner. 

In step 228, the mobile unit 144 receives data in the 
downlink data slot 210 assigned to it. As discussed 
above, for the current frame, each active mobile unit is 
associated with a downlink data slot 210. This associa- 
tion may change from frame to frame (see step 226, 
described above). During step 228, the mobile unit 144 
receives data in the downlink data slot 210 previously 
assigned to it. 

In step 230, the mobile unit 144 transmits, if neces- 
sary, a request for a new antenna to the base station 1 1 0 
in the uplink control slot 212 associated with its currently 
assigned antenna. This is a random process in time. The 
mobile decides when it needs improved performance as 
a function of time and its position at that time. For exam- 
ple, suppose that the mobile unit 144 is currently 
assigned to antenna 1 1 8A. Also suppose that in step 226 
the mobile unit 144 determined that antenna 1 18C was 
the best antenna for its purposes. Accordingly, in step 
230, the mobile unit 144 transmits a request for a new 
antenna (i.e., antenna 1 18C) to the base station 1 10 in 
the uplink control slot associated with the new best 
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antenna 1 1 8C. Preferably, the mobile unit 1 44 only trans- 
mits such a request if the "best" antenna (determined in 
step 226) differs from its currently assigned antenna. 
Note that any request for a new antenna does not affect 
the operation of the mobile unit 144 during the current 5 
frame 202. 

The request for a new antenna may not be clearly 
transmitted to the base station 110. This may be due to 
noise or other effects in the communication environment. 
The unsuccessful transmission of a new antenna 10 
request does not adversely affect the operation of the 
system, since the active mobile unit 144 will resend the 
request (if necessary) in the next frame (or in subsequent 
frames, until performance is improved.) In general, there 
is no negotiation when a mobile requires service from a 15 
different antenna. If it wants it, it gets it. On the other 
hand, frequency and time slot changes are always nego- 
tiated between base and mobile. 

A poling procedure can also be used instead of the 
random access procedure just described. Each mobile 20 
is periodically queried to determine its state or need for 
sen/ice. For example, each mobile is asked to respond 
to the base via the best antenna at a particular time until 
all mobiles have been poled. During this response, 
requests for call establishment can be made. In a small 25 
system, e.g., less than 12 mobiles, the delay time for a 
response (with a 10 ms. frame duration) is less than or 
equal to 1 20 ms. Inactive mobiles do not have to be poled 
continuously, as long as the poling rate is short enough 
to provide acceptable dial tone delay. Poling insures that 30 
a contemplated action is acknowledged before an action 
is taken. 

In either the random or poled case, however, the 
need for a change request from the mobile is required 
before any change proceeds. 35 

In step 232, the mobile unit 144 transmits data to the 
base station 1 10 in the uplink data slot 214 assigned to 
the antenna that it is currently monitoring. As discussed 
above, for the current frame, each active mobile unit is 
associated with an uplink data slot 21 4. This association 40 
may change from frame to frame and from call to call(ref- 
erence is made to step 226, described above). During 
step 232, the mobile unit 1 44 transmits data in the uplink 
data slot 212 previously assigned to it. The base station 
1 1 0 transfers this data to the telephone network 1 06 via 45 
the interface module 108 and the PBX in a well known 
manner. After performing step 232, performance of flow- 
chart 221 is complete as indicated by step 234. 

4.4. Call Setup in the First Embodiment so 

The operation of the wireless communication sys- 
tem 1 02 according to the first embodiment of the present 
invention shall now be further described with reference 
to a flowchart 240 in Figure 2C. Flowchart 240 depicts 55 
the operational steps that are performed to establish a 
new telephone call between a mobile unit, such as 
mobile unit 1 44, and a base station, such as base station 
110. The steps of Flowchart 240 are performed each 



time a mobile unit 144 attempts to establish a new tele- 
phone call. Flowchart 240 begins with step 242, where 
control immediately passes to step 244. 

In step 244, a mobile unit, such as mobile unit 144, 
wishing to establish a new telephone call listens to all of 
the downlink control slots 208 in the current frame 202 
(that is, the mobile unit 144 attempts to receive the con- 
trol messages contained in all of the control slots 208). 
The mobile unit 144 determines which of the antennas 
1 18A-1 18D is the "best" antenna. Procedures for deter- 
mining the "best" antenna are discussed above. It is 
noted that the mobile unit 144 previously synchronized 
to, and maintains synchronization with, the timing of the 
frames transmitted from the base station 1 10 in any well 
known manner. 

In accordance with the random or poled access pro- 
cedures, in step 246, the mobile unit 144 transmits a 
request to establish a new telephone call to the base sta- 
tion 110 in the uplink control slot 21 2A associated with 
the "best" antenna 1 18A. 

The request to establish a new telephone call may 
not be clearly transmitted to the base station 1 10. This 
may be due to noise or other effects in the communica- 
tion environment. This may also be due to conflict 
between multiple mobile units attempting to transmit dur- 
ing the same uplink control slot 212 (for example, it is 
possible that two or more mobile units may transmit dur- 
ing the same control slot, having made similar decisions 
about the best antenna). The unsuccessful transmission 
of a new telephone call request does not adversely affect 
the operation of the system, since the mobile unit 144 
can resend the request (if necessary) in the next frame. 
In addition, there are well known colfoision algorithms 
that can be employed to mitigate these conflicts. 

Upon receiving the request for a new telephone call 
from the mobile unit 144, the base station 110 deter- 
mines whether to accept the request. The base station 
1 10 makes this determination as follows: If the base sta- 
tion 1 10, has less than n (the # of downlink data slots) 
active mobiles to which it is transmitting data in active 
slots, then any one of the unused data slots is assigned 
to the mobile and the calf is accepted. 

In the case presented here, the mobile unit can 
choose an unused uplink control slot to transmit on at a 
random time (as opposed to when requested to by the 
base.) Such transmissions are termed random access 
here. Random access transmissions would be used to 
initiate communication with the base for the purpose of 
setting up a voice call, for example. 

If the base station 1 1 0 accepts the request for a new 
telephone call, then the base station 1 10 will communi- 
cate that acceptance in the downlink control slot 208 
associated with the "best" antenna (determined by the 
mobile unit 144 in step 244) of the next frame. Such 
acceptance is preferably in the form of a control message 
containing information that identifies the mobile unit 144 
that made the request, and that identifies the frequency, 
downlink data slot 210, uplinkdataslot214, and antenna 
1 18 assigned to the mobile unit 144. 
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In step 248, the mobile unit 144 reads control infor- 
mation, if any, contained in the downlink control slot 208 
associated with the "best" antenna (determined in step 
244) of the next frame. As just discussed above, if the 
base station 110 accepted the request for a new tele- 
phone call, then the base station 110 would have com- 
municated that acceptance in this downlink control slot 
208. If this downlink control slot contains an acknowledg- 
ment of the mobile/Es request (step 249) from base sta- 
tion 11 0, but does not contain a call acceptance flag (step 
250), then the mobile unit 144 determines that the call 
request was not accepted (step 250), and returns to step 
244. On the other hand, if the mobile does not receive 
an error free response from the base station, the mobile 
unit assumes the request was not received error-free 
and retransmits in accordance with step 246. To avoid 
an endless loop condition, the mobile unit can cease the 
request after m tries. 

If the new call request was accepted (as determined 
in step 250), then the mobile unit 144 in step 252 makes 
any adjustments that are necessary to prepare for the 
immediately following frame (this "immediately following 
frame" is the frame which follows the "next frame"; recall 
that the "next frame" followed the "current frame), such 
as adjusting for the frequency and the data slots 
assigned to the mobile unit 144 (see step 248). Opera- 
tion of the flowchart 240 is complete after the completion 
of step 252, as indicated by step 254. Once the call is 
established, operation of the base station 110 and the 
mobile unit 144 is as shown in Figure 2B, described 
above. 

5. Second Embodiment 

According to a second embodiment of the present 
invention, data and control signals are transferred 
between the base station 110, and the mobile units 144 
using TDM A (time division multiple access) frames such 
as that shown in Figure 3A. The physical structure of the 
second embodiment of the present invention is the same 
as that shown in Figure 1 and described in Section 2, 
above. The second embodiment differs from the first 
embodiment in that the control and data information are 
now combined into specif icfields of one slot. The number 
of these combined function slots in a frame is implemen- 
tation dependent, but there is always one slot for each 
active call or other activity in the system. The second 
embodiment also employs both macro and micro diver- 
sity. 

For simplicity purposes, the operation of the present 
invention in accordance with this second embodiment of 
the present invention shall be described with reference 
to the radio sub-system 1 01 . 

5.1 Structure of the Frame of the Second Embodiment 

The frame 302 has a downlink portion 304 and an 
uplink portion 306. The downlink portion 304 includes 
data and control signals which are transmitted from the 



base station 1 10 to the mobile units 144. The uplink por- 
tion 306 includes data and control signals which are 
transmitted from the mobile units 144 to the base station 
110. 

5 The downlink portion 304 includes x downlink, com- 
bined control/data slots 308 and are herein after referred 
to simply as slots. The uplink portion 306 includes x 
uplink slots 312. The quantity x is equal to 8 in the exam- 
ple frame 302 shown in Figure 3 A, although the value of 

10 x is implementation dependent. 

A downlink slot 308 is associated with each mobile 
unit that is on an active call. Each uplink slot 312 is also 
associated with an active mobile unit. The downlink slot 
308 and the uplink slot 312 associated with a particular 

75 active mobile unit occupy the same relative position in 
the frame 302. For example, if downlink slot 308B is 
associated with an active mobile unit, then uplink slot 
312B is also associated with the active mobile unit. 
Figure 4 illustrates the format of the downlink and 

20 uplink slots 308, 312. Each downlink and uplink slot 308, 
312 includes a control field 402 and a single data field 
404. The control field is broken down further into several 
sub-fields, as shown in Figure 4. For example, the field 
402E might contain control information such as guard 

25 bits, preamble bits, synchronization bits and check bits. 
Finally, subfield 402F might contain system messages 
associated with usable frequencies, usable uplink slots, 
terminal status, update control messages and check bits. 
The fields 402A through D are referred to as z fields. 

30 Their number is equal to the number of antennas 118 
connected to the switch 1 12 (thus, z is equal to 4, in this 
example). Each z field 402A-D, is associated with one of 
the antennas 118 connected to the switch 112. The z 
fields are pertinent to the present invention. Their spe- 

35 erf ic location is not important as long as they are present 
and their fixed position is known so that they can be mon- 
itored. 

The size of the z fields is at least two bits. Longer bit 
streams can be used and the patterns of the bits can be 

40 chosen to meet performance and cost goals of the sys- 
tem. The longer the pattern, in general, the more robust 
the detection of it, but the greater the cost for the cir- 
cuitry/algorithms involved. The mobile can make a deci- 
sion based upon the RSSI in each z field, or the number 

45 of errors in each z field, or both. 

The foregoing description of the makeup of the con- 
trol field 402, is meant to illustrate the kinds of information 
that a knowledgeable system designer might place in 
such fields. 

so The maximum number of allowable telephone calls 
is a function of the number of downlink slots 308 (or, 
equivalent^, is a function of the number of uplink slots 
312). In other words, the maximum number of allowable 
telephone calls is a function of x. This represents one 

55 difference between the first and second embodiments of 
the present invention. The capacity for active telephone 
calls is greater in the second embodiment, since in the 
second embodiment, each slot contains both control and 
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data information, while in the first embodiment, only 
some of the slots carry data information. 

As just discussed, a downlink slot 308 and an uplink 
slot 312 are associated with each active mobile unit. 
Also, an antenna 118A-118D is associated with (or s 
assigned to) each active mobile unit. These associations 
may change from one frame to the next frame. However, 
during any particular frame, an active mobile unit 
exchanges data with the base station 110 via its 
assigned antenna and in its assigned downlink and 10 
uplink slots 308, 312 (and, also, at an assigned fre- 
quency). 

5.2. Description of Operation of the Second Embodiment 

15 

The operation of the wireless communication sys- 
tem 102 according to the second embodiment of the 
present invention shall now be described with reference 
to flowchart 320 in Figure 3B. Flowchart 320 depicts the 
operational steps that are performed to exchange data 20 
and control signals between the base station 1 1 0 and an 
active mobile unit, such as mobile unit 144, during a tel- 
ephone call that has been previously established (the 
procedure for establishing telephone calls according to 
the second embodiment is discussed below with refer- 2s 
ence to Figure 3C). The operational steps depicted in 
Flowchart 320 represent the operation of the base sta- 
tion 110 and the active mobile unit 144 during the 
exchange of a single frame 302, called the "current" 
frame 302. The steps of Flowchart 320 are performed for 30 
each frame. Flowchart 320 begins with step 322, where 
control immediately passes to step 324. 

Assume that the active call from Mobile unit 144, is 
associated with the downlink slot 308A and uplink slot 
31 2 A. In step 324, the base station 110 enables the 35 
transmission of the control field 402 of the downlink slot 
308 A of the current frame 302 via the antennas 1 1SA- 
USD in the following manner. For illustrative purposes 
assume that the antenna 1 1 8A is assigned to the mobile 
unit 1 44 during the current frame 302. For the purposes ao 
of transmitting System Related Fields 402E and System 
Messages 402F, the base station 110 commands the 
switch 112 to connect the base station 110 to the 
antenna 11 8 A. For the purposes of transmitting the z- 
fields associated with each antenna, the base station 45 
110 commands the switch 1 12 to connect the base sta- 
tion 1 10 to the antenna assigned to a z-field during that 
z-field's portion of the slot. For example, if z-field 402B 
was assigned to antenna 1 1 SB then the base station 1 1 0 
commands the switch 1 12 to connect the base station so 
1 10 to antenna 1 18B during z-field 402B. 

In step 326, the base station 1 10 enables the trans- 
mission of a data message intended for mobile unit 144 
via the antenna unit associated with the mobile unit 
(1 18A). This data message was received from the tele- 55 
phone network 106 via the PBX 104 and the interface 
module 108. This data message is transmitted in data 
field 404 of downlink slot 308A of the current frame 302. 
In step 326, the base station 1 10 commands the switch 



11 2 to connect base station 1 1 0 to antenna 1 1 8A during 
the transmission of data field 404 of downlink slot 302A 
of the current frame 302. 

In step 332, the mobile unit 144 listens to its 
assigned downlink slot 308A including all contained con- 
trol and data fields. From the reception of the z -fields, the 
mobile unit 1 44 determines which of the antennas 1 1 8A- 
1 18D is the "best" antenna. Procedures for determining 
the "best" antenna are discussed above. Also during step 
330, the mobile unit extracts system information inserted 
into the system message field 402F of downlink slot 
308A by the base station 1 1 0 during step 324 (described 
above). Such information may affect the operation of the 
base station and mobile unit 144 during the next frame 
(that is, the frame that immediately follows the current 
frame) as described above. 

In step 332, the mobile unit 1 44 receives data from 
the data slot 404 in its downlink slot 308A of the current 
frame 302. 

It is noted that steps 330 and 332 are performed by 
all of the active mobile units with regard to their respec- 
tive downlink slots 308. After such performance of steps 
330 and 332, step 334 is performed. 

In step 334, the mobile unit 144 transmits, if neces- 
sary, a request for a new antenna to the base station 1 1 0. 
This new antenna request is transmitted in the uplink slot 
312A associated with the mobile unit 144. More specifi- 
cally, this new antenna request is transmitted in the z field 
402A-D (in the uplink slot 312A) that is associated with 
the antenna 118 assigned to the mobile unit 144. For 
example, suppose that the mobile unit 144 is currently 
assigned to antenna 1 1 8B. Also suppose that in step 330 
the mobile unit 144 determined that antenna 1 18C was 
the "best" antenna for its purposes. Accordingly, in step 
334, the mobile unit 144 transmits a request for a new 
antenna (i.e., antenna 1 18C) to the base station 1 10 in 
the z field 402B (in the uplink slot 3 1 2 A) that is associated 
with the antenna 1 1 8C. In fact, in this embodiment of the 
present invention, the mobile unit 1 44 is always transmit- 
ting its "best" antenna assessment in the appropriate z 
field (determined in step 330.) Note that any request for 
a new antenna does not affect the operation of the mobile 
unit 144 during the current frame 302. 

The request for a new antenna may not be clearly 
transmitted to the base station 110. This may be due to 
noise or other effects in the communication environment. 
The unsuccessful transmission of a new antenna 
request does not adversely affect the operation of the 
system, since the active mobile unit 144 continuously 
sends its assessment of the best antenna in all succeed- 
ing frames. 

Upon noting a change in the z fields from the mobile 
unit 1 44, the base station 1 1 0 determines which antenna 
to use for that mobile in the next downlink frame. The 
manner in which the base station 110 makes this deter- 
mination is described above. 

In step 336, the mobile unit 1 44 transmits data to the 
base station 1 10 in the data field 404 of its uplink slot 
31 2 A in the current frame. The base station 1 1 0 transfers 
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this data to the telephone network 106 via the interface 
module 108 and the PBX in a well known manner. After 
performing step 336, performance of flowchart 320 is 
complete as indicated by step 338. 

5 

5.3. Call Setup in the Second Embodiment 

The operation of the wireless communication sys- 
tem 102 according to the second embodiment of the 
present invention shall now be further described with ref- 10 
erence to a flowchart 340 in Figure 3C. Flowchart 340 
depicts the operational steps that are performed to 
establish a new telephone call between a mobile unit, 
such as mobile unit 144, and a base station, such as 
base station 110, according to the second embodiment, is 
The steps of Flowchart 340 are performed each time a 
mobile unit 144 attempts to establish a new telephone 
call. Flowchart 340 begins with step 342, where control 
immediately passes to step 344. 

The base station 1 1 0, is required to transmit system 20 
information in at least one downlink slot of every frame. 
To aid in clearly describing the process, assume that this 
required slot is slot 308E, for example. In step 344, a 
mobile unit, such as mobile unit 144, wishing to establish 
a new telephone call, synchronizes to a downlink slot 25 
(such as downlink slot 308E) in the current frame 302. 
The mobile unit 1 44 recognizes from its contents, that 
slot 308E is a general purpose, informational slot trans- 
mitted by the system. Slots of this type are called beacon 

SlOtS. . 30 

A beacon slot contains control information of the 
type described above in the discussion of the control 
fields 402. A beacon slot does not necessarily have an 
information field associated with it, but it could have one, 
if the traffic load demands it. In that sense, for this 35 
embodiment of the present invention, any active slot can 
be considered to be a beacon slot for the system. For 
example, slot 308E could be a beacon slot containing 
system information such as the base station/Es good fre- 
quency list at that moment and the slots available for new 40 
calls in the next frame or mobile responses in the uplink 
of the current frame. The base station continuously mon- 
itors all uplink slots in every frame. The Mobile unit 1 44, 
wanting service, syncs to beacon slot 308E and reads 
the system information. 45 

In step 346, the mobile unit 144 listens to all of the 
control fields 402 in the identified downlink slot 308E. 
The mobile unit 144 determines which of the antennas 
118A-118D is the "best" antenna following the proce- 
dures for determining the "best" antenna discussed so 
above. It is noted that the mobile unit 1 44 previously syn- 
chronized to, and maintains synchronization with, the 
timing of the frames transmitted from the base station 
1 10 in any well known manner. 

In step 348, the Mobile unit 144, compares its own 55 
good frequency list to the base station list and selects a 
mutually acceptable frequency. There may be a delay 
involved if the chosen frequency is low on a list of 
sequentially used frequencies acceptable to the base 



station, since the base station may take several frames 
per frequency to pass through its entire list. From the 
available uplink slots, the Mobile 144, also selects its 
uplink slot. For example, the chosen slot could be slot 
312E. 

In step 350, the mobile unit 144 identifies an uplink 
slot, such as uplink slot 31 2E (the procedure for identi- 
fying available slots is described above), and transmits 
a request to establish a new telephone call to the base 
station 110 in the identified uplink slot 31 2E. Specif ically, 
this new telephone call request is transmitted in the con- 
trol slot field (of the uplink slot 312E). The best antenna 
information is also sent in the appropriate z field of the 
selected uplink slot. For example, suppose that in step 
346 the mobile unit 144 determined that the "best" 
antenna was antenna 1 1 8A. Accordingly, in step 350, the 
mobile unit 144 transmits a request to establish a new 
telephone call to the base station 1 10 in control field 402 
in uplink slot 31 2E. 

The request to establish a new telephone call may 
not be clearly transmitted to the base station 110. This 
may be due to noise or other effects in the communica- 
tion environment. This may also be due to conflict 
between multiple mobile units attempting to transmit dur- 
ing the same slot 31 2E, for example. The unsuccessful 
transmission of a new telephone call request does not 
adversely affect the operation of the system, since the 
mobile unit 144 can resend the request (if necessary) in 
the next frame. 

Upon receiving the request for a new telephone call 
from the mobile unit 144, the base station 110 deter- 
mines whether to accept the request The base station 
1 10 makes this determination as described above. If the 
base station 1 1 0 accepts the request for a newtelephone 
call, then the base station 110 will preferably communi- 
cate that acceptance in the downlink slot 308E (of the 
next frame) selected in step 348. Such acceptance is 
preferably in the form of a control message in field 402F 
containing information that identifies at least the mobile 
unit 144 who made the request, and that identifies the 
frequency, downlink 308, uplink slot 31 2, and an antenna 
1 18 control message in the appropriate z field. 

In step 352, the mobile unit 144 determines whether 
the new call request was accepted by monitoring the 
downlink slot 308 (of the next frame) which it selected in 
step 348. The absence of control data directed to it indi- 
cates that the new call request was not accepted. In this 
case, control returns to step 346. 

ff the new call request was accepted (as determined 
in step 352), then the mobile unit 144 in step 356 trans- 
mits data in its assigned uplink slot 312. Operation of the 
flowchart 340 is complete after the completion of step 
356, as indicated by step 358. Once the call is estab- 
lished, operation of the base station 1 10 and the mobile 
unit 144 is as shown in Figure 36, described above. 
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5.4. The BIG EAR Mode of the Second Embodiment 

Since the base is not aware of when or on what slot 
mobile units will initiate a dialogue, the random access 
mode of communication requires that the antennas s 
associated with the base be connected simultaneously 
for the period of time associated with each of the unas- 
signed uplink slots. This mode of operation of the CAU 
switch 112, is termed BIG EAR, since all CAUs con- 
nected to the base station via the switch 1 1 2, are listen- 10 
ing at the same time. In this way, the WFB 110, will be 
able to receive the mobile unit/Es uplink transmission 
without having to know where the mobile unit is. Once 
having received the initial transmission, the WFB 110, 
would utilize the assigned antenna for its transmitted is 
response back to the mobile, acknowledging assignment 
of the chosen slot for communication with the mobile unit, 
as described above. Until indicated otherwise, the 
assigned antenna would be used by the WFB 110, for 
both reception and transmission of the assigned slot, 20 
unless one of the z fields changes as described above. 

6. Third Embodiment - Use in Multi-Cell Systems 

The frame structure described for the second 25 
embodiment of the invention (without antenna control) 
has been used by other wireless systems in the past 
(e.g., Digital European Cordless Telecommunication 
(DECT) system) to span many cells. With reference to 
Figure 5, the operation of these and like systems allows 30 
for the user data service to be provided on an uninter- 
rupted basis as an active mobile unit is moved from one 
cell to the next, e.g., from cell 114 to cell 126. Such a 
capability, known as hand-off, is made possible through 
hardware additions and control protocol additions to the 35 
single cell system described above. Such additions are 
well known to system designers and persons skilled in 
the art of wireless systems. For example, a feature of the 
PBX 104, needs to be added to provide for connectivity 
changes from one WFB 1 10, to a second WFB 122, dur- 40 
ing a voice conversation. In addition, certain control 
codes must be added to the control fields in both the sta- 
tionary end (WFBs 1 10,122, Interface/controller 108,140 
and 120,142, or PBX 104) and mobile unit 144, and its 
controller 146, to accomplish the tasks and communica- 45 
tion necessary for hand-off. 

Hand-off is a process which, because of its high 
impact on shared hardware and control resource utiliza- 
tion, should be used sparingly. This is allowed for by 
choosing hand-off criteria that allow for switching so 
between cells only when the general performance of one 
cell has degraded to the extent that hand-off to another 
cell (if better) is warranted. In general, this results in two 
characteristics we wish to discuss further: 1) the number 
of hand-offs during the time a mobile unit is active (e.g., 55 
on a call) is on the order of one or two per minute; and 
2), the time over which the transition occurs (from recog- 
nition that hand-off is needed to completion of hand-off) 
occurs over many frames (e.g., 40 to 50). 



Thus, the metrics used to determine when hand-off 
is needed are those that tend not to include the short 
term variations in signal quality which the present inven- 
tion is able to combat. For example, the invention might 
use measures of BER variations over two frames to 
determine best antenna for a subsequent frame and sub- 
sequently, antenna switching can occur on every frame. 
On the other hand, hand-off criteria are averaged over 
many frames (20 to 30) and the interval between hand- 
offs would occur on the order of seconds to minutes. The 
operation of the present invention serves to provide bet- 
ter service within a cell by combating short term impair- 
ment occurrences. Hand-off, on the other hand, combats 
long term impairments due to inter-cell movement. In this 
way, the operation of the present invention does not 
hinder the operation necessary for inter-cell hand-off, 
and, in fact, uses it for multi cell operation, as well. 

The control mechanism described in the second 
embodiment of the present invention provides for a sep- 
aration of antenna control and other system control func- 
tions. Specifically, the location and use of the antenna 
fields in an active slot in no way impedes the use of the 
other fields used for system control functions such as for 
hand-off communication. 

Thus, both from the physical level perspective and 
from the control mechanism perspective, the present 
invention may be active in such systems that provide for 
multi-cell operation and provide both increased base sta- 
tion coverage and macro diversity in a form transparent 
to the multi-cell operation. 

7. Claims 

While various embodiments of the present invention 
have been described above, it should be understood that 
they have been presented by way of example only, and 
not limitation. Thus, the breadth and scope of the present 
invention should not be limited by any of the above- 
described exemplary embodiments, but should be 
defined only in accordance with the following claims and 
their equivalents. 

Claims 

1. A method of achieving increased coverage and 
macro diversity from a single base station in a wire- 
less communication system having a base station 
coupled to N antennas, comprising the steps of: 

(1) transmitting from said base station N control 
messages each via one of said antennas; 

(2) transmitting a data message addressed to a 
mobile unit via a particular one of said antennas 
previously assigned to said mobile unit for the 
duration of an active call; 

(3) receiving in said mobile unit said control 
messages and said data message; 
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(4) analyzing in said mobile unit said control 
messages to identify from said antennas a best 
antenna; 

(5) transmitting from said mobile unit to said 
base station a new antenna request identifying 
said best antenna in an uplink control slot of a 
frame, said uplink control slot being associated 
with said particular one of said antennas; and 

(6) using in response to said new antenna 
request said best antenna to transmit from said 
base station one or more subsequentdata mes- 
sages addressed to said mobile unit 

2. The method of claim 1 , wherein step (1) comprises 
the steps of: 

(a) connecting said base station to one of said 
antennas; 

(b) transmitting from said base station a control 
message via said one of said antennas in a 
downlink control slot of said frame, said down- 
link control slot being associated with said one 
of said antennas; 

performing steps (a) and (b) for each of said 
antennas. 

3. The method of claim 1 , wherein step (2) comprises 
the step of: transmitting said data message via said 
particular one of said antennas in a downlink data 
slot previously assigned to said mobile unit. 

4. The method of claim 1, further comprising the fol- 
lowing steps which are performed after step (4): 

determining whether said best antenna is 
equal to said particular one of said antennas previ- 
ously assigned to said mobile unit; and 

bypassing performance of step (5) if said best 
antenna is equal to said particular one of said anten- 
nas previously assigned to said mobile unit. 

5. The method of claim 1 , further comprising the steps 
of: 

(7) receiving in a second mobile unit desiring to 
establish a new telephone call said control mes- 
sages; 

(8) analyzing in said second mobile unit said 
control messages to identify from said antennas 
a best antenna with respect to said second 
mobile unit; and 

(9) transmitting from said second mobile unit to 
said base station a new telephone call request 
identifying said best antenna with respect to 
said second mobile unit in a second uplink con- 
trol slot of said frame, (said second uplink con- 
trol slot being associated with said best antenna 
with respect to said second mobile unit.) 



6. A method of achieving increased coverage and 
macro diversity from a single base station in a wire- 
less communication system having a base station 
coupled to N antennas, comprising the steps of: 

(1) transmitting from said base station N control 
messages in N control fields of a downlink con- 
trol/data slot of a frame, said downlink con- 
trol/data slot being associated with a mobile unit 
for the duration of an active call, each of said 
control messages being transmitted via one of 
said antennas; 

(2) transmitting a data message addressed to 
said mobile unit in a data field of said downlink 
control/data slot, said data message being 
transmitted via a particular one of said antennas 
previously assigned to said mobile unit; 

(3) receiving in said mobile unit said control 
messages and said data message; 

(4) analyzing in said mobile unit said control 
messages to identify from said antennas a best 
antenna; 

(5) transmitting from said mobile unit to said 
base station a new antenna request identifying 
said best antenna in a control field of an uplink 
control/data slot of said frame, said uplink con- 
trol/data slot being associated with said mobile 
unit for the duration of an active call , said control 
field of said uplink control/data slot being asso- 
ciated with said particular one of said antennas; 
and 

(6) using in response to said new antenna 
request said best antenna to transmit from said 
base station one or more subsequent data mes- 
sages addressed to said mobile unit. 

7. Ttie method of claim 6, wherein step (1) comprises 
the steps of: 

(a) connecting said base station to one of said 
antennas; 

(b) transmitting from said base station a control 
message via said one of said antennas in one 
of said control fields, of said downlink con- 
trol/data slot, associated with said one of said 
antennas; 
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performing steps (a) and (b) for each of said 
antennas. 

50 

8. The method of claim 6, further comprising the fol- 
lowing steps which are performed after step (4): 

determining whether said best antenna is 
equal to said particular one of said antennas previ- 
55 ously assigned to said mobile unit; and 

bypassing performance of step (5) if said best 
antenna is equal to said particular one of said anten- 
nas previously assigned to said mobile unit. 
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9. The method of claim 6, further comprising the steps 
of: (7) transmitting from said base station control 
messages in control fields of a downlink slot, called 
a beacon slot, of said frame, (each of said control 
messages including information identifying slots and 5 
frequencies available for use in new telephone calls; 
and including information transmitted from each 
antenna in turn) <~-Needs workl 

(8) receiving in a second mobile unit desiring to 10 
establish a new telephone call said beacon con- 
trol messages; 

(9) analyzing in said second mobile unit said 
control messages to identify from said antennas 

a best antenna with respect to said second 15 
mobile unit; 

(10) selecting one of said available slots; 

(11) transmitting from said second mobile unit 
to said base station a new telephone call 
request identifying said selected available slot 20 
and said best antenna with respect to said sec- 
ond mobile unit in a control field of an uplink slot 

of said frame; 

10. A radio sub-system of a wireless communication 25 
system, "comprising: 

a base station; 

N antennas each positioned in a sub-cell of 

a cell; 

a switch connected to said base station and 30 
to said antennas, to selectively connect said base 
station to said antennas; and 

a mobile unit; 

said base station comprising: 

means for transmitting N control messages 35 
each via one of said antennas; and 

means for transmitting a data message 
addressed to said mobile unit via a particular one of 
said antennas previously assigned to said mobile 
unit; said mobile unit comprising: 40 

means for receiving said control messages 
and said data message; 

means for analyzing said control messages 
to identify from said antennas a best antenna; and 

means for transmitting to said base station a 45 
new antenna request identifying said best antenna. 

1 1 . The radio sub-system of claim 1 0, wherein said base 
station further comprises: 

means for using in response to said new so 
antenna request said best antenna to transmit one 
or more subsequent data messages addressed to 
said mobile unit. 

12. The radio sub-system of claim 10, further compris- ss 
ing a second mobile unit desiring to establish a new 
telephone call, said second mobile unit comprising: 

means for receiving said control messages; 
means for analyzing said control messages 



to identify from said antennas a best antenna with 
respect to said second mobile unit; and 

means for transmitting to said base station a 
new telephone call request identifying said best 
antenna with respect to said second mobile unit. 

1 3. The radio sub-system of claim 1 0, wherein said base 
station further comprises: 

means for transmitting N pilot control mes- 
sages in N control fields of a downlink beacon slot, 
each of said beacon control messages including 
information identifying (frequency-time) slots availa- 
ble for use in new telephone calls. 

14. The radio sub-system of claim 13, further compris- 
ing a second mobile unit desiring to establish a new 
telephone call, said second mobile unit comprising: 

means for receiving said beacon control mes- 
sages; 

means for analyzing said beacon control 
messages to identify from said antennas a best 
antenna with respect to said second mobile unit; 

means for selecting one of said available time 
slots and frequency channels; 

means for transmitting to said base station a 
new telephone call request identifying said selected 
available slot and said best antenna with respect to 
said second mobile unit in a control slot of an uplink 
slot. 
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